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THE TENSILE AND CREEP PROPERTIES OF TITANIULL,
SOME BINARY TITANTUM ALUMINIULM ALLOYS, 4ND SOME
TERNARY ALLOYS BASED ON A TITANIUM 55 ALUMINIUM ALLOY

by
J.A. Rees, BsSe.
With APTENDIX
by

Myriam D, Eborall, B, /.

Report on work carried out by The British Non=Fcrrous Metals Research
hssociation under agreement No.7/Exptl/527/R3 for the Ministry of Supply.

SUMMALRY

This rcport describecs a study of the tensile and crcep properties of
titanium, titanium-aluminium binary alloys, and of ternary alloys containing
as major constituents in addition to aluminium, boron, carbon, chromium,
columbium, iron, molybdenum, mangancsc, silicon, vanadium, tungsten or
zirconium,

4s in earlicr work described in anothcer rcport(1) the object has been
to find alloys with usceful crcep properties at tempcraturcs up to 65000.,
but in the work to date the highcst test tcmperature has been 500°C. In
the carlicr work titanium—basc alloys werc melted and cast in graphite, and
then rollcd to strip for mcchanical tests, but in the present work an arc-
melting technique was adopted to avoid contamination of the alloys with
carbon,

In the carlicr work a wide range of binary alloys was tested and it
appearcd that alloys containing aluminium werc particularly promising,
Unlike the other metallic alloying elgmgnts used, aluminium raises the
alpha/beta transformation tempcraturc?‘3 in titanium, and tests described
hcre show that titanium—-aluminium alloys can only be hot workéd easily ‘at
temperaturcs necar to or in the alpha plus beta or beta phase fields. Bearing
in mind the potential applications of any alloys with useful propertics at
elevated temperatures it appearcd desirable to restrict the hot working
temperature to not morc than 1000°C., and partly for this rcason the ternary
alloys describcd in this present work werc based on titanium 5% aluminium
alloys, although a somewhat higher aluminium content would be compatible
with this requirement., 4 furthcr desirable requirement was that the
matcrials should have not less than 5% clongation in tensile tests; at the
outset of the work it appeared that on this score also the aluminium content
would have to be restricted to 5% although, as the results in this report
show, alloys.of somcwhat higher alunminium contents also gave the necessary
ductility. :

o

The binary and ternary alloys werc hot-rolled to strip and if the .
hot-rolled materials had elongations of 5% or more they were tested in that
condition, Less ductile materials were annealed at 1,000°C, and slowly |
cooled in an attempt to improve their ductility, and where this was
successful the anncaled materials were also tested.
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The structures of the materials were studied by metallographic and
X~-ray methods, and the report includes some account of the complex structures
observed and of the way in which these structures arose while the metallo-
graphy of the materials examined is described in detail in an Appendix,

The titanium-Aluminium alloys had all alpha structures, whose appearance
under the microscope differed markedly, depending upon the conditions
under which alpha was formed from the beta phase existing at hot working
or anncaling temperatures. llost of the ternary alloying additions that
were used were beta stabiliseérs and again a varicty of micro-structurcs
werc observed depending upon the conditions under which the alpha plus
beta structures werc formed, In certain cages, notably in alloys contain=
ing chromium or iron, slow eutectoidal decomposition of the beta phase
during prolonged exposure to temperaturcs of the order of 400°C., and 500°C,
causcd severe embrittlcment.

The tensile propertics of the alloys ranged from about 50 tons per
square inch U,T.S. and 18% elongation for the anncaled titanium=5% aluminium
alloy to figures of thc order of 90 tons per square inch and 3% clongation
for some of the highly alloyed ternary alloys. In gencral thc highest
strength compatible with a minimum ductility of 5% elongation was about
75 tons per square inch although in a number of individual cases higher
values of the order of 85 tons per square inch, were recorded,

The propertics of the materials at elevated temperaturcs were ecxplored
by stress=rupture tests at 400°C, and 500°C. The tests werc of 500 hours
duration and were designed to rcveal the stress producing 1% or less
extension in that time,

For the hot-rolled titanium at 4L00° and 500°C, these stresses are
approximately 10 and 2 tons per square inch respectively, TFor the hote
rolled titanium 5% aluminium alloy they are about 30 and less than 12 tons
per square inch respectively, while for the 8% aluminium alloy they arc
35 and not less than 14 tons per square inch., Some of the ternary alloys
have considerably better crecp propertics, and alloys containing 5% or 10%
molybdenum or 1% silicon or 10% zirconium will withstand stresses of the
order of 38 tons per square inch at 400°C, and extend less than 1% in 500
hours, At 500°C. the ternary alloys containing 5% aluminium arc not much
better than the binary 8% aluminium alloy,

It is likely that thc creep propcrtics of the materials arc dependent
in part on their grain size., No evidcncc on this point is available in the
present work but the grain sizcs of the materials have becn recorded and
it is worthy of note that the binary 5% aluminiun alloy was coarscr graincd
§~JO.03 m, grain dia,) than the 8% alloy and most of the ternary alloys

~~+ 0,003 1, ). :

_ The binary and ternary alloys werc quenched from 1000°C, and aged

at 4000 and 5000C, to determine whethcr their mechanical propertics could
be usefully improved by such trcatuents. The alloys containing chromium,
iron, manganese and vanadium all hardencd markcdly and in the cases where
tensile tests were carried out on unbroken stress=rupture test picces
(chromium and iron alloys) the hardening was associatcd with severe
cmbrittlement, It seems unlikcly that hcat treatments of this kind could
be applied profitably to these alloys.

Of the ternary alloys with promlsing creep properties only thosc
containing zirconium tended to be embrittled by cxposurc at elcvated
temperatures, and in these cascs only at 500°C, The tensile propcrties
of the alloys containing molybdenun or silicon were not adverscly affccted
by such heat treatments,
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CONFIDENTIAL 3

PREPARATION OF MATERILLS

Materials

The compositions of the titanium metal used for the preparation of the
alloys are set out below, most of the materials being made from the sponge
Qe fie Be, which after arc melting gave hardness values averaging 180 V,P,N,

Composition ¢
: ; Sponge Sponge
Todide Ti ) (Q. A B.) (OO§§

c 0,02 - 0,03 0,06 A -
ol - 0,06 # 0,05 = 0410
g 0,005 0,03 # 0,01 = 0,05
Fe 0,01 = 0,05 0,05 # 0. 05
g ' | 0,031% - 0,085 © 0,07 ©
No 0,05% ’ 0,05 © 0,01 = 0,03

Suppliers analysis figures
= B.N.F. analysis figures

© B.N.F. analysis figures on metal worked down to sheet.

The remaining values arc from a paper by Gee et a1(3) and are
for unmelted titanium.

Super~pure’ aluminium was used and the silicon was from a specially
purified batch. The remaining addition elements were of high commercial
purity.

Composition of Alloys

The nowminal or actual compositions of the alloys arc included in the
tables of results to which reference is made later. Oxygen analysis was
carried out with the Association's vacuum fusion apparatus(5).

Arc Melting

The furnace has been fully described elsewhere(4). lMelting takes place
in a water-cooled copper mould, the basec of which is retractable, and the
arc is struck between the metal to be melted and the =Ve tungsten electrode,
The alloys were melted in 40 cm.Hg. pressure of argon, purified by gettering
with molten titenium. lost of the ingots werc 2 in, x 1% in. x 1 in, in
size, weighcd 200 gms. and were made up from ten 20 gm, lots. The sponge
titanium for cach lot was pressed into a wafer approximately 1% in. x 1 in,
x 1 in, and then baked out at about 1400°C, in vacuo, to rcmove rcsidual
magnesiua chloride which otherwisc causcd considerable sputtering when the
sponge was melteds The appropriatc amount of addition element was then
pressed into the titaniun compact; additions which werc in powder form were
cnclosed between two leaves of aluminiun foil and pressed in as capsules,
Each compact was melted into a button which was remelted twice, being turned
over cach time; without this preumclting of the compacts some segregation
was found in the hot rolled products,

The premelted buttons were then built up into an ingot by introducing
them one at a time into the melt and using power sufficient to nmaintain at

least twice the volume of one button molten,
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Analysis figures given in the tables show that approximately 0,025
tungsten was. picked up during melting,

Hot Wbrkigg

Barlier observations had indicated that titanium aluminium alloys
required comparatively high working temperatures, In the present Work,'
preliminary hot rolling tests with 20 gm, buttons of alloys containing up
to 405 aluminium, made from the sponge OON by arc melting were carried

out, These gave the results represented by Fig.1 which also includes
data obtained from the rolling of titanium-aluminiwa alloys melted in the
Association's graphite rcsistance furnacc, In these tests the rolls were

~heated to.about 100. to 1509C,, and 15% reduction was imposed in a single
passes The figure shows that as the aluminiwa content of the alloys
increased it was necessary to raise the rolling temperaturcs to avoid
cracking, ;

The ductility of a narrower rangc of titanium—aluminium alloys was
examined in more detail by impact tensile tests. The speed of deformation
in these tests is somewhat faster than in hot rolling, but approximates
more to the rate of deformation in rolling than to that in ordinary tensile
testing. The results arc dctailed in Table I, from which it can be seen
that there is a sudden increase in the ductility of the alloys at a
temperature depending on the aluminium content. Reference to the phasc
diagram shows that this occurs when the alloys enter the alpha plus beta
or-beta phase fields. The results of thesc tests arc deseribed in more
detail later, but it will bc noted from thc Table that alloys. containing
more than 5% aluminium do not devclop high ductility at a tcmperaturc of
1000°C., the temperaturc adopted in the present work for fabrication of
the binary 5% aluminium alloy and the ternary alloys based on it,

Except where otherwise stated, all of the alloys described here were
pre-heated to 1000°C, in air, and rolled in air, with thc rolls prehcated
to 100°C, = 150°C,, until the thickness of thc ingot was rcduccd from
approximately 1 in, to 0.25 in, In most casecs the furnace tcemperature
was then lowered to 950°C, and the shcct reduced to 0,060 in,, if.required,
The ingots werc cross-rolled twice in thc carly stages of rolling, and
were reheated between each pass of approximately 205% rcduction.

At 1000°C, all the ternary alloys bascd on titanium 5% aluminium had
rcasonable hot working characteristics, but some edge cracking took place
in those alloys containing boron, carbon, silicon, tungsten and vanadium
- additions. In no case was this sevcre cnough for the sheet to be scrapped
and, at its worst, eracks up to i in. long, running into the sheet,
occurred in strip 3 in. wide. The cracking was gencrally vorse at the
higher alloy contents and vanadium additions had the grecatest detrimental
effect,

The maximum aluminium content of a binary alloy which could be hot
worked at 1000°C,, was. 8% (using sponge Ti Q.A.B.)s At this composition
edge cracking occurred when an attempt was made to lower the working
temperatures as the sheet became thinner,

Machlgéggl

It has been found convenient to cut shect material with a slitting
wheel, although, if cracking is to be avoided, care is nccessary with
some of the alloys, notably. those containing chron'u? or iron additions,
This difficulty was mentioned in an earlicr report(!) and a method of
avoiding it given. The rate of wheel wear for slitting and grinding
titanium and its alloys is considcrably greater than for other more usual
metals,

For other machining operations thc best results have been obtained
with carbide=tipped tools using slow cutting spceds. Some unalloyed
titanium billets have been cut with a power hacksaw, Slow hcavy cuts
gave the best results and kept bladc wear to a minirum,
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Contamination with Oxygen and Nitrogen in Hot Working

The surface layer formed on the hot worked titanium and titanium alloys
was fZToved by the use of two acid pick%ei in place of. the sodium hydride
bath and acid pickle previously used 1), The first bath was a 15% hydro-
chloric acid mixture in which the specimens were allowed to soak for periods
of up to 30 minutes depending on the composition of the alloy. This
effectively loosened the layer and enabled most of it to be scrubbed off,
The tenacity of the layer incrcased as the aluminium content of the alloy
increased and was greatest on the alloys containing 8¢5 aluminium or morec.
The sccond bath was a nitric~hydrofluoric acid mixturc which removed the
last traces of surface contamination and lcft a "bright-pickle" surface
finish,

Table VII gives the hardness of titanium and the alloys in-various
conditions and it can be scen from the' figures that any contamination which
occurred on hot working in air at 41000°C, did not cause hardening of these
materials, It may be inferrcd from this that if any oxygen or nitrogen was
absorbed during this fabrication, thc effect was confined to the surface
layers. '

This was confirmed for oxygen, by taking a picce of 0,050 in, thick
titanium, hot rolled at 1000°C, and turning off different thicknesses of
surface layers, These layers were turned off from both gides of the sheet
"and at any one part of the shect the same depth was taken off from both
sides,s Oxygen analyses were donec on the different thickness of remaining
metal,

The results of these analyscs and thc thicknesses of the samples are

given below; =

Thickness Depth turned : Oxygen
of remaining off from Content
metal surface %
0,050 in, nil 0, 48L
0,045 in. 0.0025 in, -« G, 097
05035 in. 00,0075, dr, 0. 084
0025 iing G, 0125 i, 0,086

The pickling process described above removed a surface laycr about
0,00l to 0,008 inch thick and the results above indicate that this eliminated
contamination with oxygen arising from the hot~working opcrations.

METALLOGRAPHY OF THE RATERTIALS

The following bricf account of the mctallography of titanium and its
alloys will help the rcader to rccognisc various structural features of the
matcrials rcferred to in latcr sections of the rcport.

A fuller account of the mctallography of the materials is given in the
Appendix.

Great care is necessary in the interprectation of the titanium alloy
structures as revealcd by the microscope and the &id of X-rays is almost
always nccessary., The main reason for this is that titanium itself under-
goes a transformation during cooling from cubic body-centred beta titanium
above 885°C, to hexagonal closc-packed alpha titanium below this tempera-
ture. Thc transformation is affected diffcrently by various alloying
elements and the resultant structures naturally differ according to rate of
cooling and heat-trcatment, In addition, certain alloy systems require
very long times to attain equilibrium at temperaturcs below about 80000.,
and this must also be taken into account.
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As an illustration of the diversity of structure which can be
exhibited by a single phase, Plate I shows four entirely alpha structures,
'A' was formed by quenching from the beta region and is a typical trans-
formed structure. 'B' shows a dendritic structure formed on slow cooling .
through the transformation point, followed by annealing at a lower tempera-
ture, Similar structures are formed when quenched material is annealed in
the alpha range provided no rccrystallisation takes place. !C! shows
equiaxial alpha grains formed on rccrystallisation in the alpha range, and
'D' an apparently two-phase structure formed on quenching from the alpha+
beta range, the two components being in fact alpha which has been formed
rapidly from beta, and alpha which was stable at the quenching temperature,

A great varicty of alpha=beta structures was obtained, In some,
fine equiaxial alpha grains wecre connected by a grain boundary film of
beta, (sec Plate IIA). In others, a very coarsc grain size at the .
quenching temperaturc rcsults in very large grains consisting of platelets
of alpha and beta laid down in geometrical array; an cxample of this
structure is shown in Plate IIB, Again, small particles of alpha might be
distributed in the grains and along the boundariecs, thc matrix consisting
of beta and alpha (Plate IIC) or alpha might appear as spines in a beta
matrix (Plate IID), ‘

The only all~becta alloy studied gave a similar appearénce to the all-
alpha allQy illustratcd by Plate IC.

It can be seen from the above that, whefcas an alloy consisting of
beta only cannot show a transformed structurc, alpha can take almost any
form, and alphas+bcta structures can vary widely,

A further characteristic of thesc alloys is that material containing
alpha and beta at temperaturcs below the transformation range can be
converted to either all alpha or all beta, depending on the composition,
Similarly the proportion of the two constitucnts may bec altercd in either
dircction, The bechaviour in any system depends on the betam~stabilising
characteristics of the alloying elements (1 3. The vay these different
changes can occur is cxplainecd below.

Suppose Fig, 2 represents the relevant part of the equilibrium
diagram of titanium containing 5% of aluminium with a third clement 1L
There exists for certain alloy systems a content x5 of 1, above which the
- beta phase is’ retained on quenching from the beta field and below which
the beta is transformed to alpha, Consider now an alloy containing a% of
M, quenched from the beta field, All the beta is transformed to alpha,
When cooling from the beta field is slow, the first alpha to separate has
composition b and the remaining beta composition c. JAccording to the
usual rules, these compositions change along the lines bd and ce while
cooling continues, until the last alpha separating has composition d and
the last beta to transform to alpha has composition e, The resultant
structure consists entirely of alpha., But now supposc we take an alloy
containing m% of M. On quenching from the beta ficld the alloy is all
alpha as bcfore, but on slowly cooling from the beta Field, vor‘on
quenching from lower temperatures a different result ensuecs; for, when
the temperaturc representcd by the line vn is rcached, alpha of composi-
tion v forms and the -composition of thec residual beta changes, during
further cooling, along the line nrt., At the tcmpceraturc represented by
qr, the rcsidual bcta becomes stablc, and no longer transforms on
quenching, Alloys quenched from below this temperaturec therefore contain
beta in quantitics decreasing as the temperaturc of quenching decreases,
although quenching from the beta ficld gave cntirely alpha structures.
Compositions lying to the right of xx consist of beta on quenching from
the beta fiecld and alpha+beta on quenching from the alphasbeta fields

Bearing in mind the features described above, it becomes possible to
interpret logically the structurcs of all the alloys cxamined in the
present survey.,
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IMPACT TENSILE PROPERTIES OF THE TITANIUNM
ALULINTUM ALLOYS

Specimens of dumbell shape with 0,225 in, diameter by % in. long gauge
lengths machined from % in. thick hot rolled plates were used for impact
tensile tests. The specimens were prcheated in a furnace close to the Izod
machine and kept at the testing temperaturc for about three minutes, About
2 scconds elapscd from the time the specimen was taken out of the furnace to
the time it was broken, The cnergy of the swing was 120 ft, lbs. for all
the room tempcraturc tests and 40 ft. lbs. for the elevated temperature
tecstsse Onc half of cach specimen was water quenched within one second of
fracturc,

Binary titanium alloys containing 5%, 8% and 10% aluminium were tested
at room and clevatcd temperatures, mainly to obtain a measure of their
ductility at thc temperaturcs at which the matcrials might be forged or
otherwisc hot worked, Two 55 aluminium ingots were tested, one made up with
sponge titanium (Q.A.B.,) and thc other with iodide titanium (QAC). This
latter ingot was, however, made up before the present melting technique was
established and microexamination indicated that there was some segregation
across the section of the rollcd material, The remaining ingots were made
up using titanium sponge (QAB) by the improved premelting method and were
apparently frec from segregation, :

. _The 5, and 8/ aluminium alloys werc hot rolled at 1100°C, and the 10
aluminiun alloy at 1180°C., These materials were quenched after the last
pass through the rolls, They all had transformed structures of the type
shovn in Plate IIIA showing that the metal was in the bcta’phase field at
the rolling tempcraturc,

Examination of the quenched part of the impact tensile specimens showed
that at the lower testing temperaturcs this transformed structure persisted
during the period that the spccimens were held in the alpha phase field
prior to testing. :

With incrcasing. temperature some changes in structure appeared particu-~
larly at temperatures above the alpha/alpha+beta transus and some heat
treatments (described in the Appendix) werc carricd out on the rolled
materials to dctermine the nature of the changes,

The rcsult of these tests (Table I) indicate that alloys with up to.
at least 10/ aluninium have fair elongation at room temperature,

For all the alloys tested the ductility increascs rapidly at tempera-
tures corresponding to the alphafalpha+beta boundary of the binary phase
diagram, Ificrocxamination of the quecnched test picces confirmed that the
materials were in the alphasbeta or beta phase fields when - they displayed
high ductilitics. These results were consistent with those described
earlicr in this rcport on the rolling trials of the titanium-aluminium
binary alloys.

The 57 alwainiwa alloy (PZX41) made from iodide titanium was slightly
more ductile but weaker (c.f. cncrgy to fracturc values) than the corres=—
ponding alloy (PZXBL) nade from sponge titanium,

The structurcs produccd in these particular alloys by rolling were
clearly unstable, and thc results of the tests may have béon affected by
changes of structurc occurring vhen the test picces were brought up to
tompcraturct .

TENSILE PROPERTIES

The tensile properties of the matcrials were determined on a Hounsfield
Tensometer, Spcciuens were cut from blanks 3 in, long x # in, widc and
had a gauge length 1 in, long and % in, wide,
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Results are the average of two or more s?ecimens unless otherwise
stated and are given to the nearest 7 ton or % In most cases the results
for any one material fell within the following limits:=-

U.T.S., and L. of P, -  + 1 ton/sq.in.
Elongation on 1 in, - o+ 1%
Reduction of area -+ 3

The limit of proportionality for these materials as determined on the
Hounsfield Tensometer approximates roughly to the 0,25 proof stress.

The room temperature tensile properties of the sponge titanium and
alloys based on it, in various conditions, arc given in Table II. The
sheet titanium made from the sponge QAB used for most of this work has a
room temperature tensile strength of about 36 tons/sq,in.,, and an elonga~-
tion of 20% in the 'as rolled', anncalcd, and hcat trcated conditions.

In the 'as rolled! condition the titaniwa 5% aluminium alloy (PZX 46)
is stronger and less ductile than when annealed, 'showing that some cffects
of working remain in the material; at the final rolling temperature the
alloy is nearly all alpha phase, but micro=-scctions showed that, unlike the
titanium specimens, the crystals of the titanium~aluminium alloys were
severely distorted and showed clear cvidence of retained works

Ternary additions to the titanium 5% alwainium alloy nearly all
-strengthen the 'as rolled! materials at thc cxpense of ductility, Addi-
tions of 0.42% boron, 0,757 and 1.5/ carbon, 12 chromium, 5,5 iron, 54 and
10% molybdenum, 2/ silicon and 3,9% and 8,7, vanadium réduce the ductility
to less than 5/, In the case of the 127 chromium, 57 and 10 molybdenum
and 8,7% vanadium alloys, an anncal at 1000°C, restored the ductility to
morc than 57 elongation,

In the 'as rollcd' condition the 5,0 aluminium 12, chromium alloy
wes all beta phase, (Plate IVA), but aftcr anncaling a considcrable amount
of alpha had been formed (Plate IVB), /[nncaling the 55 aluminium 57
molybdenum alloy, (see Plates IVC and IVD), and the 5% aluminium 8,7/
vanadium alloy (Plates VA and B), had the effect of markedly coarsening
the alpha phase particles in the beta matrix,

The alloys containing 0,427 boron, 0,75,: and 1.5, carbon, 5,0 iron,
2/ silicon and 3,9y vanadium, werc brittlc both in the 'as rolled! and
annealed conditions, The high oxygen content of the 3.9/ vanadium alloy
(0.36/% 02) probably accounts for its brittleness in both conditions as the
alloy with a higher vanadium contcnt (8.7ﬂ) was ductile when annecaled,

The room temperaturc tensilc propertics of stress rupturc speccimens
(see later scction) which were unbroken aftcr 500 hours, at 400°C. or
500°C, , and had extended less than 1/, werc determined and the results of
thesc tests arc included in Table II. The properties of the as rolled
titanium 5,0 aluminium alpha alloy are not significantly changed by this
heat treatment, suggesting that in this alloy no strain relief takes
place with heat treatments of up to at least 500 hours at 500°C.

Ternary alloys containing chromium and iron were completely
embrittled by this hecat trecatment. It would be cxpected that the ternary
alloys containing manganese would also become embrittled by a low tempera-
ture heat treatment, as in the binary titanium systems containing chromium,
iron and mapganese, a cutectoid decomposition of the beta phase takes
place (7, 8, 9). Plate VC and D shows the titanium 5/ aluminium 5/
chromium alloy in the rollcd condition and after ageing at 500°C, The
fine precipitate present in the aged alloy is presumebly Cr3Ti2, and the
embrittlement may be attributed to its dispersion in the alpha matrix,

In the remaining alloys, which were pulled aftcr stress rupture
testing, some strength improvement was produced in most cases, notably
in alloys containing 10, columbium, 5,. molybdenum and 10, molybdenun,
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Two of these had ultimate tensile strengths greater than 80 tons/sqein., and
retained not less than 5,. elongation,

The alloy containing 5. tungsten had lost its ductility after being
at 400°C. for 50k hours, and alloys containing 5.1, and 9.5/: zirconium lost
their ductility after treatment at 500°C,, but not at 400°C.

STRESS-RUPTURE PROPERTINS

Stress-rupture creep tests were carried out on creep units of B.N.F,
design using the same size specimens as for the tensile tests. Loads were
applied using a 5:1 lever ratio, The temperature control was + 1°C, at
400°c, and 500°C, and uniformity of temperature along the gauge length was
controlled to + 1°C. The specimens were raiscd to temperature in 3 hours
and held at temperature for 21 hours before the load was applied. After
completion of 504 hours (provided that the spceimen had not failed) the test
was ended and the cxtension of the 1 in., gauge length measurcd with deviders.
The accuracy of this method of mcasurcment is + %

The grain sizc of these materials is included in the tables giving the
stress rupture time results. The effect of grain size on the results may
be considerablc but to date no comparative tests have been done on any alloy
with different grain sizes.

The stress-rupture time propertics of titanium at 400°C, and 500°C,
arc given in Table III and thosc of the alloys at 400°C, and 500°C, are
given in Tables IV and V respcctively, Thesc tests were carried out for
times up to 504 hours and the cxtensions of broken and unbroken specimens
measurcd,

The test stresscs were varied to determine the stress producing 1,0 or
less extension in 504 hours.

The stresscs producing 1,. or less cxtension in the hot rolled titanium
at 400°C. and 500°C, arc approximately 10 and 2 tons/sq,in, respectively;
for the titanium 5, aluminium alloy they arc approximatcly 30 and less than
12 tons/sq.in.: for the titaniwn 8, aluminium alloy they arc 35 and not
less than 14 tons/sq.in. showing that aluminiwnm additions considerably
improve the clevated tcmperaturc propertics of titanium,

At 400°C, thc best of the ternary alloys, based on titanium 5y: aluminium
withstood stresscs (less than 1,. cxtension) not less than 38 tons SQ, in,
(for 5,0 and 10;) molybdcnum and 1, silicon additions) and 40 tons/gq.in.
(for a 10/ zirconium addition).

at 5OOOC., thesc stresses are not less than 14 tons/sq.in. (for SA
molybdenum, 1,. silicon, 5,. tungsten and 10, zirconium additions)s The best
result so far obtaincd at 500°C, is for the 5;. molybdehun ternary alloy,
which withstood a load of 18 tons/sq.in. for 504 hours with 1), extension,

In general, all the alloys have better high temperature properties than
titanium itsclf, and, having rcgard to thc fact that thesc arc single
spceimen tests, the molybdenum, silicon and zirconium alloy additions to the
titanium 5,  aluninium alloy give the most improved propertics. The 10
zirconium and 5,. molybdcnum additions gave the hest alloys at 400°C, and
500°¢, respectively, ' '

AGEING PRGPERT;ES )

The effect of quenching and agéing ‘the alloys was followed by hardness
determinations.s In addition, spccimens in the annealed, rolled and
quenched conditions were examined both metallographically and by X=-rays,
Tables VI and VII give respcctively the X-ray results and the hardness valucs
of the alloys in various heat trecated conditions.

Small spccimcns about % in, squarc werc cut from hot-rolled strip and
were heated in a vertical tube furnace at 1000°, 800° or 600°¢, for 1 hour,
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2 hours, or 5 hours respectively before quenching into a water bath,

The furnace atmosphere was argon, purified by passing it first over
phosphorus pentoxide and then through titanium turnings at 1000°C, The
rate of flow of argon during the heat treatment was 3 to 4 litres/hour.

Batches of quenched spccimens were clamped between titanium strips and
the hardness of the quenched materials was determincd on the cross—section
of the specimens., The batches were aged at 400°C, or 500°C, * 5°C. in an
" electric muffle furnace and hardncss determinations carried out at suitable
intervals, '

The results for titanium and somec selected alloys containing 5%
aluminium and 5; aluminium with boron, columbium, molybdenum, silicon,
tungsten and zirconium are summarised in Table VIII. Those for alloys
containing 5,; aluminium with additions of chromium, iron, manganese and
vanadium arc given graphically.in Figs. 3%, 4, 5 and 6 respectively,

Neither quenching, nor subscquent ageing at 400°C, or 500°C, had any
great effect on the alloys containing 5,0 aluminium or 5,/ aluminium with
boron, columbium, silicon, tungsten or zirconium additions. The alloys
containing 5/ aluminium with 3/ and 5, tungsten additions showed some
hardening after ageing at 400°C, G

The alloys containing 5, aluminium with 5, and 12, chromium additions
both hardened appreciably on ageing at 400°C, and 500°C, (Fig.3). Approxi-
mately the same maximum hardness values were reached at both temperatures,
but the alloy containing 12 chromium rcached a higher maximum value than
the one containing 5. chromium, Both alloys rctained this maximum at
AOOOC.,up to at least 30 days but slowly softencd at 500°C, The 5; chromium
alloy sof'tened morc rapidly than the 12 chromium alloy.

The 5. aluminium Sﬂ'ironvalloy hardened considerably- at both tempera-
tures, (Figek), rctained its hardncss at 400°C, for at least 15 days and
slowly softered at 500°C. ,

. The alloy containing 1,. mangancse showed no rcsponse to ageing, “but
the 5,. manganese alloy hardecncd considerably at both 400°C, and 500°¢,
(Figs5) retaincd its hardness at 400°C, for at least 15 days, and slowly
softeried 'at 500°0,

Additions of vanadium to a titanium 5,0 aluminium alloy increased the
hardness of the metal considerably, particularly in the case of 5. and 104
vanadium additions, Both these alloys age hardened, in particular, the
hardness of the 10, vanadium alloy aged at 400°C, (Fig.6), was still
increasing after 16 days, but slight sof'tening occurrcd at 500°¢,
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Impact Tensile Tests on Arc-hielted Titanium

CONFIDENTIAL

TABLE I

and Titanium Alloys

Test Redna.
BoN. ¥y Caldiin Tempera= [ Elonga~- of Pte 1lbs.
Mark SREpoRan b ture tion % | Area absorbed
e o : %
PZY26/l | Ti (Sponge Q. A.B.) Room 23 35 L9
/6 400 45 25 29
/5 700 5l 30 17
/2 800 50 80 15
/3 850 L 87 13
/1 900 66 100 11
PZX41/3 | Ti 41 AL 0,08 N Room 21 30 38
/5 | (Todide Ti Q.4 C. 480 35 70 31
/6 * 580 36 70 28,5
£ 680 36 65 25
/8 780 27 35 175
/19 880 3k 70 1745
/11 980 %0 80 1145
n 1080 85 100 9
PZX54/2 | Ti 541 L1 0.14 N2 Room 17 25 60
g 0,006 W ?88 ;g 33 gg
onge Q... B. 5
Vi (Sponge ) 800 33 63 2l
/6 900 32 46 2l
/b 1000 63 80 21
PZX55/1 | Ti 8.3 41 0.11'No Room 17 el 60
§§ 0,025 W %88 ;Z* f5* 5 *
€ W I’L. Be i-6 9
Ui [ PROBES Buske e 900 27 45 3
/5 1000 30 45 28
/8 1050 81, 100 26
/6 1100 99 100 19
PZX56/1 | Ti 10 41 (N) 0413 N2 Room 13 20 50
;2 0.02l W 400 12” yon -
3 de B AP 700 2 30 33
7 (Sponge Q./wB.) i . 0 B
/b 900 26 35 30
/5 1000 23 30 26
/8 1050 33 35 23
/6 1100 85 100 17

(N) Nominal composition.

®
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TABLE IT

Room Temperature Tensile Properties of /rc=ilelted Titanium
and Titanium alloys

13

A ; " UﬂA.LdPEﬁﬁ&Rﬁn
Uark Composition i Condition tong/ fon:/ R | ires.
SQe 11, SCe 1N, 1 in. /o
PZY 23 | 7i 0,094 02 Znn, 10000¢, 38 32 18 29
0.08 No ’
0.018 W
PZY 31 | i 0.116 0o 4s Rolled 33,5 |30 22 40
0.08 N2 Lnn, 1000°¢, 31 27 22,5 |28
0,014 W
" As Rolled 4+ 35 31 21 12 B
606 hrs. at '
4,00°¢,
" is Rolled + 35 29 21 39 #
604 hrs., at
500°¢,
PZY 35 | i 0.085 02 Ls Rolled 3665 | 132 18,5 |33
0.023 W -
PZX 46 |5 A1 (N) 1.120 02 4s Rolled 63.5 | |57 105 '] 27
" 0.08 No nn, 1000°¢, 50 43,5 18,5 | 3.4
" 0.027 W 4is Rolled + 66 6l 12 25 B
' 504 hrs, at
L00°¢,
" 4s Rolled + 61 59,5 | 11 2, #
504 hrs, at
500°c,
PZX 72 |8,0 41 0,06 0o 4is Rolled 67 63 10 20
. 0,02 W ‘
PZX 63 |5,2 41 0,2, B Ls Rolled 60,5 |[56.5 7e5 119.5
0.045 02
PZX 64 | 5.0 i1 0.42 B .8 Rolled 67 65 2 7.5
0.06 0o 4nn. 1000°c, 5945 = 1.5 Le5
PZX 39 |5 41 (N) 0,75 ¢ (N) | is Rolled 69 67 - -
7 0.11 N2 fnn. 100090, | —---e- [~ BRITTLE =-------
PZL 4O |5 41 (N) 1,5 C (N) | inn. 100090, | e-—eon L BRIDTIE ~e-bee-o
0.10 N2
PZX 48 [5.,0 41 5,04 Cr As Rolled 80,5 |75.5 6 12,5
" 0,065 09 4s Rooled + , 11 I T
Oe14 No 504 hrs. at BRITTLE ¢
400°¢,
" .AS Rollcd SRR | = W0 T N Biiis BR TTI‘E ..__..._...._y{
504 hrs, at ¥
500°¢,
PZX 47 |5.0 41 12,03 oOr is Rolle@ | | weemae ==~ BRITTLE w=-i---
0.105 0o Lnn, 1000°¢, 63.5 |61.5 7 16
0,09 N2 dnn, 10009, + |tk w== BRITTLE w==----- 4
2k hra i 8t
400°¢.
dnn, 1000°C, + | ______ === BRITTLE w=-bk--- 4
504 hrs, at
400°¢,
Lnn, 1000°C, + " £
L e i [ RIS = B R e e e
504 hrs, at BRITTLE
500°¢,
/conttd
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TABLE IT (continued)

g i U.T.S.| Lof P E%ggﬁa"Rzgn'
Nork Composition % Condition® ton?/ tons?/ %o 1 hvea
S5(e 11| SCe 1N, 1 in, (,;

PZX 49| 5 A1 (N) 1 cb (N) As Rolled: 53 L9 16 L5 5¢
011505 Ls Rolled + ot g 11 2 .'
0,08 - No 504 hrs, at 57 .55 2 9

400°C,.» #
4Ls Rolled + G ) 16 -
504 hrs, at r pesd 3

500°c,

PZX 50 5 AL (N) 5 Cb (N) Ls Rolled 69 61,5 v 16
0,113 02 As Rolled + |72 70 5 1% B
011 No 504 hrs, at

400°¢,

PZX 51| 5 41 (N) 10 ¢b (N) 4s Rolled 71.5 | 66 7 16
0,093 0o hs Rolled + | go 78 5 23 4
0s 1 N2 504 hrs, at

: 400°¢,
PZX 52| Lol L1 1.27 Fe Ls Rolled 67 51 9 25
| 0.095 02 | 4s Rolled + | 73 70,5 6 20,58
0,13 No 504 hrs, at
0.022 W L00°c¢,
Lis Rolled + e
504 hrs, at | 73+5 | 70.5 | 3 - |12 #
500°C,

PZX 93| 5 41 (N) 3 Fe (N) Ls Rolled 87 8l 6 21,5

PZX 70| 4«9 Al 5,0 Fe 4s Rolled 98 93 I 745
0.069 0o inn, 1000°C, | 7. 72 %5 1 5

A8 Rolled + | aoo-loo BRITTLE w===-e—== §
504 hrs, at
400°¢,
i O N S N BRITTLE ~=ee———— ﬂf
504 hrs, at
: 500°¢,
PZX 36| L4e6 Ll 1.5 lio 45 Rolled 59 58+5 7 Te5
9 0.136 02 . Lnn, 1000°C. | 53 18,5 1.8 |24
0.06 N2 is Rolled + 66,5 |163%.5 8 21.58
0,052 W 504 hrs., at ,
: 400°¢, .
4s Rolled + 66.5 | 6245 b 10 #
504 hrs. at
500°¢,

PZX 57| 5.0 AL 49 Mo s Rod1od 81 | 70.5 | & 2.5
0.11. 0o ann, 1000°C, | 62,5 | 60 13.5 |43
0.12 No innealed + e8| 70,5 9 17,58
0,23 W 504 hrs, at

3 400°¢, .
siesled ¥ . | 725 | 70 11 13 A
50k hra, at
500°c,
PzX 91| 8 41 (N) 5 Mo (N) hs Rolled 8945 | 8le5 365 | 745
ann, 1000°C. | 73,5 | 7140 | 145 | 27.5
/cont'd
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TABLE II (continued)

. U.T.5. | L of P Elgnga— Redn.
i ¢ ition % Condition™ tons/ tons/ bl o
Mark BHHODA TN /o 3 g % on | Area

Sq_' 1Ile . Sq_o l:.n-n 1 in.. %
PZX 58 | 1.9 AL 10,0 Mo | As Rolled | mw-mm=m- - BRITTLE =----- I
0,11 02 | Ann., 1000°C. 67 63.5 1045 |23
O0e11 No | Ann. + 504 hrs. | g), 79 7 15 I
at L400°C,
An-no + 5O)+ hrS. 12 ¢
at 500G, | 79¢5 77+5 7 5
PZX 73 | 5.6 41 1 in (N) As Rolled 65 61 745 126
0,01 O2 ;
PZX 74 | 549 41 5 in Ls Rolled 86 8l 7 14.5
0,007 02 :
0.04 W
PZX 59 | 49 AL 0,52 Si| 4s Rolled 6545 60,5 1345 3@
' 0,11 02 [ 4is Rolled + 69.5 65 9 18,5}5
0.11 N2 | 504 hrs, at ;
0,018 W | 400°.
As Rolled + 6 6 1 2 ¢
504 hrs, tat ’ fre2 . 5
. 500°C.
: L NN T Y A—
PZX 90 | 8 41 (N) 0.5 Si (N) | &s Rolled  —  |======= = BRITTLE ------ P
zanhmjpppoc. ------- L BRITTLE =--=-=r=
PZX L[5 41 (W) 1 si (M) Ls Rolled 70 6L 10 2he5
0,10 N2 is Rolled + 75 73 9 18,59
504 hrs. at
1,00°¢, i
Ls Rolled + , | 7L : 69 7 12.575
504 hrs. at
500°C.
PZX 45 |5 41 (W) 2 8i (N) lis Rolled 73 66 35 6
0.09 N2 inn. 1000°C, i e 2 2
PZX 68 5.2 41 0,22 V 4s Rolled The5 6945 6.5 | 10.5
: 0.21 02
PZX 69 | 5,0 L1 3.9V As Rolled | ======== BRITTLE w=====n=
0,36 0o fnn, 1000°C, | =====-- - BRITTLE —----- -
PZX 71 L+q6 [\Ll 807 V ;&S Rolled ------- | % 4 BRITT .'1 ------ ] 18
- - 0,17 02 Ann, 1000°C, 70 65 11,5 | 20,5
PZX 65| 5 &1 (N) 1 W (N) As Rolled 5745 51 5 20,5
0,05 02 4is Rolled + 66 6L, 4 17,52
504 hrs. at
400°¢,
PZX 66 |5 41 (N) 3 W (N) As Rolled 70,5 6L 6.5 |15
0,10 0p | 4s Rolled+ (775 | 745 | 8 . |23 £
504 hrs., at poihy o v
400°C, ,
is Rolled + 76.5 72.5 6 10,58
504 hrs, at- '
500°c,
PzX 67 |5 41 (W) 5 W (N) | As Rolled 68.5 | 63 8 18
; 0.07 02 i4s Rolled + 6e e 1 L
504 hrs, at op | 3 5¢
100°c, :
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TABLE II (continued)

0. 0.8, | Tpr 3 | B006] Redn.
Ee s Composition % Condition™ | tons/ tons/ | OB o]
Mark P 5 ¥ Y | % on | Area
SQe in, sQein. % e %
= =T ] =)
PZX 60| 5 AL (N) 0,95 2r As Rolled 6345 59 185 |17
| 0.083 0p .| 4s Rolled + | 69 665 | 6 9.5
504 hrs, at
400°¢,
4s Rolled + 65 63 5 18, 5)5
504 hrs. at
500°C.
PZX 61 |5 A1 (N) 5.1 Zr | 4s Rolled 68.5 6l 7 22,5
0,067 Oy | Ls Rolled + |72,5 71 10 26,58
504 hrs., at :
100°¢,
is Rolled + |70.5 | 68 1 3 8
504 hrs, at :
500°C,
PZX 62 |5 L1 (N) 9.5 2r | .s Rolled 7Lk *6745 9 145
0,05 02 |is Rolled + |75,5 | 74 8 |18.5%
4 504 hrs, at
400°c,
Ls Rolled'+ |72,5 70,5 1 2 g
504 hrs, at
500°c.

ﬁSingle specimen only, which was previously used for stress rupture test.

() Nominal composition,

KSpecimens tested after 504 hrs. at 400° or 500°C, were unbroken stress—

rupture test pieces which had cxtended less than 155

TLBLE IIT

Stfess Rupture Prdperties'of-Arc IMelted Titanium

.| Testing st Llong-
B.N.F c 44 .~ | Tempera- trcss Life | ation Material
Mark v R AR ture °n§/ hours | ¢ on Condition
PZY23 Ti  0.94 0y 100 10 | 504% 2 | Ann, 1000°C,
Vi 0.08 No " 12 | 476 34 "
/1 " 15 32 29 “
/3 . 17 0 18 .

/2 ¥ 20 0 20 "
PZY31/7 | Ti 0,116 02 100 8 606% 1 | As Rolled
/9 0,08 N2 - " 10 | 606% 1 "

/1 § 12 | 288 '35 "

/2 " 15 0 21 "

PZY23 Ti 0,094 02 500 3. | 504* 8 | Lnn, 1000°C,
A 0,08 N2 " 2 90 3L "
/5 " 7 1 6 51 "
/6 ] 9 6 35 n
PZY31/20| Ti 0,116 02 ° 500 2 60L* 1 4s Rolled
< e 0,08 N2 - ” 3 | 504* 12 .
/3 s L | 295 65 "
[k i 5 67 79 "
/1 7 " 6 78 76 n
/21 " 7 1 Vi "

*®pest discontinued.
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TABLE IV

Stress Rupture Properties of Lrc=ilelted Titanium flloys at LOO0 C.

17

CONFIDENTLLL

Composition Elong= 4Lv,
B.N.F. Stress | rife | ation | Material Grain
Mark i + ton§/ Hours | 7 on | Condition | Size
Fde W 1 in mm,
sz46;4 5 41 (N) 0,08 No 30 |0 | €4 4s Rolled |0,035
/6 | : . 35 | 273 18
/8 . 37 12 12
1>zx72§56 8.0 4l 35 501 4 | 4s Rolled |o0,00L
b 74 504" 2
/1 38 - 504* 3 ko |
PZx63/8 | 5.2 L1 0.25 B (N) 35 | 390- 14 - | As Rolled (0,017
i oo Thehsb L
PZX48/3 | 5.0 A1 5,04 Or 30 | 50L,% 2 | As Rolled P
/15 0,105 0 35 | 504" 3
/7 0s 14 No 38 | 504 I '
PZXL7/5 | 5.0 41 12,03 Cr 25 | 50 1 | Ann,1000°C. | 0, 03L
/8 0,065 02 Brittle fradture outside gauge length
;10 0,09 N on application of load
11 , . ‘
szu%j 54 (N)-1 Cb (N) 25 5003 1 4Ls Rolled |0,028
13 0s115 0o 30 0 15
/5 0,08 No 35 0 20
PZX50/4 | 5 41 (N) 5 Cb (N) 30 50,* 2 As Rolled |0,005 °
6 0.113 05 35 | 50,% 3
/7 0.11 No 28 | 7 min.| 14
PZX51/3 | 5 41 (W) 10 Cb (N) 30 | 5047 2 | .is Rolled |0,004
/6 0,093 02 .35 50,* 9
Oe11 N2
PZX52/5 | helk L1 1.27 Fe 30 | 504% 2 | 4s Rolled [0,007
L7 0.13 No 35  4504% 11
0.022 W '
PZX36/15 | Le6 il 1.5 o 20 | 504™ <1 is Rolled |O0,01
/k 0,136 0p 25 5oL <1
/10 0.06 No 30 50L%* 2
/12 0.052 W 35 393 16 ,
;sz57ﬁo 5.0 il 15. 92 #o 38 501 <; lnn, 1000°¢, | 0,003
.12 No 3 504"
/1 0.23 W 40 504* 12
PZX58§9 o9 41 10,0  io 30 | 504% <1 | inn.1000°¢.| 0, 002
2 0.11 Np 38 | 504™ 1
1k , 40 | 501,% 2 |
PZX73/1 | 5.6 411 im (N) 35 | 504 10 | As Rolled [0,005
PZX74/2 | 5.9 il 5 Iin (N) 37| 50L% L | 4s Rolled |0,098
PZX59/11 | b9 4l 0,52 si 25 | 504" | <1 [ 4s Rolled 4
e 0,11 No 30 | s0,* A
/8 0,018 W . 504 1
Vg 38 | 504% .
/10 40 | 504% L
/cont!d
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TABLE IV (continued)

Composition % Elong=
SE;EZ? ation | Material
% on | Condition

1 Ang

Pade SQ. in.

5 AL (N) 1 si (N) 25 | <1 As Rolled

0.10 Ny 35 2
38 <1
L0

46 AL 10 ¥ (N) - o35 | Ann, 1000°C,

541 (N) 1w (N) 32 As Rolled
. 35

541 (N) 3w (N) 4 ] As Roiled
Wk : 38

541 (N) 5w (N) 35 As Rolled
: LO :

5 A1 (N) 0,92 Zr 35 - | As Rolled
40 ‘
5 AL (N) 5.1 zZr 2D ' Ls Rolled
- 40

5 41 (N) 9.5 &r 35 - | As Rolled
w .

HTest discontinued
(M Nominal composition

ﬁGrain size not clear in 'as rolled' condition

TALBLE V

Stress Rupture Properties of Arc-lelted Titanium
Alloys at 500°C,

Elong~ |
Life | ation |- Material

Hours | ¢ on Condition
1 in,

5 A1 (N) 0,08 Ny 12 s50.¥ | 17 As Rolled

14 349 67 :
15 241 49
16 147 | 23

8.0 Al 1 504 1 As Rolled

' 16 504 3
a2 Al 28 B (M) - 1L 321 38 As Rolled
504 504 Cr | 14 | s04* .As Rolled

0,065 02 16 50.,*
Oe14 No | 17 50L%

Composition % | Stress
tons/

Ti + /
8Q.in.
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TABLY V (continued)

5

A e Elong- Av,
B.N.F. Composition 7. Stress | 1ife |ation Material | Grain
Mark Ti + tons/ | Hours | % on [Condition | Size
' g S(e in, 1 in. ' 1M,
IR
‘PZXL7/6 |5.0 &1 12,03 Cr 12, i1 508" 1 | Ann,1000°.| O, O3L
: 0,105 02 .
0,09 N2 A
PZXL9/k |5 AL (N) 1 Cb (N) 12 50, | 414 | As Rolled |0,028
/11 0.115 02 1 151 56
0.089 No |, .
PZX50/11 | 5 Al (N) 5 Ob () 12 504%¥ | 29 | As Rolled |0.005
/5 0,113 02, 14 371 62, -
/16 011 N, | 16 | 218 | 36
PZX51/10 | 5 AL (N) 10 Cb (N) 12 | 504¥ | 13 | As Rolled |0,00%
/15 0.093 0o 16 316 45
PZX52/11 | hel A1 1,27 TFe 1 |.504" 3 | As Rolled |0,007
/1k 0.13 Np | 16 37 27
i 0,022 W .
PZX36/5 | lLeb Al 1.5 Mo 10 50 1 | As Rolled |0,01
6 0.136 0o 12 500 2
» /1 0.06 N2 44 ¢ | so0L®: . - &
/17 0,052 W 16 1 sob™} 48
PZX57/12 | 5.0 il 49 i 1, | 504%| <1 | &nn.1000°C.| 0,003
/1 0.12 No 16 5oux <A1
/6 0,23 W 18 500 1
PZX58/12 | 4.9 41 10,0 1o | 1k 501, 7 | 4nn.1000°¢.| 0,002
;6 0.11 No | 15 50k 2
10 16 50 3
PZX73/1 | 5.6 4l 1 i (N) 1L 154 | 58 . |is Rolled |0.005
/0 ‘ 16 58 Ly ' :
PZX74/7 |59 41 5 i (N) 16 160° L0 .Ls Rolled |0,098
PZX59/L | L4e9 4L 0.52 8i 12 504% | <1 |Ais Rolled
/13 0.11 Np 1L 20 Sl L
/15 0.018 W | 16 || 50k°| .3
PIUL/h |5 41 (N) 1 si (W) 1, | 504¥ | <1 |4is Rolled
/10 0,10 Np 15 50, I3
/6 , 16 50L¥ | . 3
/5 . % 50,% 8
PZX68/8 |[5.2 41 1 V () 1 360 16 |Ls Rolled |0.00k
PZX71 | 4e6 41 10 V (N) Ann, 1000°¢, | 0, 098
PZX65/4 |5 i1 (N) 1 W (N) 14 - | 280 29 |Ais Rolled 0,003
PZX66/3 |5 41 (W) 3 W (M) 4l T 1 50" 3 |is Rolled |0,003
| Pzx67/11 |5 61 () 5w (). ). 1n 504 | i Lis Rolled |0,002
73 ; 16 BOL® |4 3
PZX60/15 |5 41 (N) 0,92 Zr | "1k 50L% L |4s Rolled |0,029
PZX61/14 |5 41 (N) - 5¢1- -Zr 1L 500% | © 2 |.Ls Rolled |0.,025
PZX62/13 |5 41 (N) 9.5 Zr 14 504% | <1 s Rolled |[0.014
/2 16 50L% 2

¥nest discontinued

(N)Nominal Composition

ﬁGrain size not clear in 'as rolled! condition.
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TABLE VII

Hardness (V,P.N,) of Titanium and Titanium 4lloys after
Various Heat Treatments

B, N, F. Composition &  |.1teq |ROlled ;I;Ziz i A, i
lark (Nominal) ‘i & Sheet ‘HOOOOC W.Q | W.Q. W. Q.
nEgo * | 600°c.| 800°c. |1000°C.

PzY 23| Ti  (Sponge QiB)’ 182 199
31| Ti " 192 179 163 1 219
32 | T " 187 190

(182

35 | Ti " 181

PZX 46 |5 L1 311 312 292 288 289 261,
72 18 AL 306 36 315 291, 288 309
59 | 5 Al 0,5 Si 33 314 306 305 305 315
Wt § 41 1.0 84 351 304 313 304 | 3L 328
W15 &1 2,081 38l 354 343 315 335 o
L7 | 5 4l 12 Cr 345 316 381 498 07 341
WBis L 5 O 321 387 350 360 7 | ped
|54 1 Cb 293 268 281 269 265 272
505 4. 5 ©b 3h7 319 304 295 318 B34
51 |5 41 10 Cb 329 3.8 328 286 301 362
36 {54l 1 i 301 320 317 309 289 30,

« Byl g1 5 Mo 555 338 345 330 320 318

58 |5 41 10 o 1,09 352 32l | 365 335 293
5215 AL 1 He 326 339 338 346 355 54D
70 |'5 K1 5 Fe 400 1430 358 376 365 362
60| 5 41 1 2r 377 309 281 292 289 302
61 |5 i1 5 Zr 381 335 304 | 329 306 321
62 |5 41 10" Zr 330 1 291 5355 351 320 363
651541 1 W 296 321 26L | 280 306 306
66 |5 &1L 3 W 343 337 353 322 239 328
67|54 5 W 328 353 309 352 310 318
63 |5 4l 0.25 B , 310 315 269 270 288 352
64|15 41 0.5 B 340 J2y 299 309 P 309
68|54 1 V 371 | 363 371 |30 | 344 | 352
69| 5 4 o Y 500 L19 385 L7 369 L21
154310 ¥ : 36l 4,07 349 343 326 393
7315 41 1 i 290 24 280 310 276 35
74154 5 in 348 420 338 338 327 366

¥ nnealed ingot

TLBLE VIII

Effect of Heat Treatment on the Hardncss of Some Titanium Alloys

Hardness V,P.N. ]
B.N.F. Compos?tion % : Quenched -Quenched
lark (Nominal) innecaled | Quenched Q1 000°¢, Q1 000°cC,
1000°C. - | 1000°¢C. .| 4Aged 1 hr., | hged 15 days
at 400%. at 400°C.
PZY 31 | Ti 163 219 225 210
PZX 46 |Ti 5 il 292 26l 300 309
63 |Ti 5 41 0,5 B 299 309 304 325
51 |Ti 5 &4l 10 Cb 328 362 342 370
Ly |mi541 181 313 328 320 32l
67 |Ti5 41 1 Mo 317 300 32l 340
36 |Ti54 5W 309 318 335 362
62 |Ti 5 41 10 Zr 335 563 370 37L
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APPENDIX

Metallographic QObservations on Titanium and Its /Alloys

All the alloys described in the main part of the report were examined
micrographically in all conditions; most were also submitted to X-ray
examination,s As the metallographic work was only incidental to the main
purpose of the research, no attempt was made to explore the alloy systems
thoroughly, but it is nevertheless thought worth while to record somc of
the observations made and the conclusions drawms

Metallographic Techniques

Both electrolytic and mechanical polishing have been uscd.

Jacquet's(1o) rcagent proved fairly suceessful for most alloys, but
difficulty was expcricnced with alloys showing clcar cquiaxial alpha
structurcs; these tendcd to develop undulating surfaccs which did not
prohibit micro-examination but made photography unsatisfactory. The greatest
disadvantage of this method, however, is that specimens eannot be polishcd
after mounting in bakclitc, Sinéc onc bakelitc mount can easily accommodate
10 or 11 samplecs of shect 0,060 in, thick, it was found morc convenient to
mount the samplcs thus and polish mechanically.

Mechanical polishing was on Selvyt cloth impregnatcd with diamond
particles of less than 1 micron diamcter. It was nccecssary to grind to
6/0 cmery beforc polishing with diamond, thc "Blucbell" stage being omitted,
The Selvyt was moistencd with white spirit and polishing took about threc
hours.

Various mixturcs of hydrofluoric and nitric acids in watcr werc used
for etching; thc “roportions arc by no means critical, The plain equiaxial
alpha structures, which were always difficult to prepare, were sometimes
much improved by swabbing with 50% nitric acid.

A thermal etch is readily developed on titanium alloys and samples
annealed in vacuo normally showcd a bright macro-ctched suriace, A rather
diffcrent cxample, showing the underface of an ingot af'tcr the top had been
molten in the arc furnace, is illustratcd in Platc VIi.

In all photographs of wrought materials thc rolling dircction is
parallel to the long cdge of the photographs

Interprctation of Structures

This is discussed in the main report.

Structures found in Ternary Alloys

The titanium/aluminiwa diagram duc to Bumps, Kessler and H&nsen(z)
shows that at 5% aluminium the alpha+beta field extends from 95500. to
975°C. The alpha/alpha+beta transus line rises to 1005°C, at 8% aluminium

and 1020°C, at 10% aluminium.

A11 the third clements, cxccpt carbon, which were added to titanium
containing ‘5% of aluminiim lowcr thc transformation temperaturc of purec
titanium; thercfore, for all the ternary alloys studied, the transformation
temperaturc should be lower than 975 C. Accordingly, heat trcatment at.
1000°C, followed by quenching should produce structurcs containing either
alpha and beta or only beta, wherec the beta=stabiliser's influcnce is
sufficiently strong. Wherc the influcncc of the aluminium predominates,
alpha stable at the quenching tcmperature or alpha formed from the beta
during the quench, or both, should be prescnt.

Alloys consisting entirely of alpha solid solution at room tempera-
ture were obtained when 1% of columbium or up to 9,57 of zirconium were
added to the 55> aluminium alloy regardlcss of heat trcatment, The silicon
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(up to %), carbon (up to 1¢5%) and boron (up to 0.5%) alloys consisted only
of alpha solid solution and widely dispersed particles of intermetallic
compounds, The compounds found in the alloys containin% gilicon and carbon
had the structures associated with the formulae Ti5Si3( 2) and TiC. The
compound occurring in the boron-bearing alloys is unidentifieds In the
boron-bearing alloys the particles lay im lines parallel to the rolling
direction (Plate VIB) and both in these alloys and in those containing
silicon were smaller than in the carbon-bearing alloys; the latter exhibited
an intercsting phenomenon which will be discussed more fully below,

All these alpha alloys, whether containing primary particles or not,
were finer grained than the corresponding binary titanium/aluminium alloys.

Only one alloy consisted entirely of beta in any of the conditions
studieds This was titanium containing 5¢% of aluminium and 127 of chromium,
as rolled or quenched from 1000°C, All the remaining alloys, after
annealing or quenching from 800°C, or 600°C, consisted either of alpha only
or of alpha and beta in varying proportions according to heat treatment;
alloys containing 1% iron, 3.9 and 8,7% vanadium, 1. or 5f manganese, and
5% of molybdenum bchaved as for composition m in Fig, 2.

Structural Changes on Ageing

Only the alloys containing 5 and 127 of chromium, 5 of manganese,
5/ of iron and 8,7/ of vanadium show significant hardening on ageing at
400°C., or 500°C, - Of these, the 12 chromium alloy and the 57 iron alloy
showed no structural changes on ageing. . The 50 chromium and 5/; manganesc
alloys were very similar in structure after quenching, consisting of small
clear particles of alpha in & transformed matrix; after ageing the small
clear particles had becn partly absorbed. The structure of the 10/ vanadium
allog appearcd to contain more alpha after ageing than after quenching from
1000%C.

This completcs the gencral survey of the structurcs of thesc alloys,
but one or two points of intercst which arose during the work are considered

worth further discussion.

Embrittling Compound in Titanium/Aluniniun/Carbon Alloys

Certain titanium/aluminium alloys, aftcr hcat-trcatments at tempera-
tures betwecen 500°C, and 1000°C,, werc observed to contain a finely-
divided precipitated phasc. The distribution and amount of thc precipitate
depended on the aluminiwm content, the purity of the alloy, the tcmperature
of hcat=trecatment and the timc at that temperature., The effect of the
precipitation (in the 1. aluminium alloy at least) was to reduce the elonga-
tion of the matcrials, very markcdly in the carbon contaminated kroll-
melted alloys, but to a much lesscr extent in the arc-melted materials. The
tensile strength and hardncss were little affected. The observations
leading to the above conclusions arc -described belows

Materials

The materials uscd fall into three groups; (i) those melted in a Kroll
type of graphitc resistor furnace %) (nominal aluminium contents of 14, 2%,
37, L/, 6/ and 8/), (ii) thosc melted in the arc furnace (nominal aluminium
contents of. 177, 5, and 10,7) containing no added carbon and (iii) arc-melted
alloys containing 5/ of aluminium with 0,75 and 1,57 nominal carbon content,
Kroll-mclted alloys normally contain more than Ok, of carbon; the arc-
.melted material should contain only about 0,05, carbon or less unless carbon
vas dcliberately added, A list of alloys cxamihed is given in Table I,
below, : :
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TABLE I

Composition of Matcrials

Nominal Approx, Oxygen Nitrogen
B.N,F, Melting Aluminium Carbon Content Content
Mark Method Content Content 74 P
i % (4nal, ) (&nal, )

0GZ 4 Kroll 1 (anal,) 0, 65(anal, ) 0.111

(Graphite ;

crucible) :
0GZ 31 9 2 >0, 4
OG_Z 58 " 3 1"
OG_Z 30 ". L'_ n
0GZ 63 " 6 i
0GZ 6)+ " 8 "
PZX 13 Arc 1 0,05 0,076
PZX 1 b Le 22(anal, 3
PZX 2 " 7.&82anal.3 "
PZX 39 r ] 0475 . 0411
PZX 4O " 5 %5 0,10

(anal, ) = by analysis

Occurrence of the Precipitatc

In Kroll=meclted alloys the precipitate has only been observed within
the grains of the specimens containing L. or less of aluminium. Heat-
treatment at 900°C, produced no precipitate in the alloys containing 17 or
4/ of aluminiun but it was present, in small quantities, at 27 and 3/ of
aluminium. After heat-treatment at 800°C., 700°C, or 600°C. (5 hours) the
alloys containing 1, 2, 3 or 4. of aluminium all showed the precipitate,

In the 1/ aluminium alloy, after heating at 600°C,, it was very dense, and
distributed at random., (Plate VIIA)., 4 highly ordered distribution was
produced by heating the 47 alloy at 800°C, for 2 hours (Plate VIIB) and
almost any density of distribution and dcgrec of order between these two
occurred according to temperaturc and composition; another example is
illustrated by Plate VIIC, Platc VIID shows the appearance of the particles
at high magnification, 4 little precipitate, similar in distribution to
that in Plate VIIA, but very much less in quantity, was produced in the 1/
aluninium alloy after 5 hours at 500°C., but shortcr times at this tempera-
ture or 5 hours at lower temperaturcs failed to produce it in any of the
materials,

Four materials prepared by arc mclting (but without deliberate carbon
additions), unalloyed titanium and alloys containing 155, 4% and 7,5/ of
aluminium, were cxamined after two treatments only; (i) the anneal at
1000°c, followed by slow cooling and (ii) treatment (i) followed by 5 hours
at 600°C, and water quenching, The latter treatment, which was known to
produce thc heaviest precipitation in the Kroll melted 1) aluainiuwa alloy,
caused traces of the precipitate to appear in the alloy containing 1y of
aluainium, but it was not seen in any of the other materials,

The precipitate did not appecar in any of the ternary alloys made in
the arc furnace cxcept thosc to which carbon had been added deliberately,
Two such alloys, containing 5/ of aluminium and 0,75/, or 1.5). of carbon,
were examined. In the as=rolled condition they containecd a hcavy
precipitate randomly distributcd as in Plate VIIA. J[fter quenching fron
800 C, the precipitate appecarcd in an ordercd array, It was not seen
after other heat=trcatuents.,
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Electron micrographs of the Kroll melted 3. and 45 aluminium alloys
revealed that the particles were discs, or possibly needles, set at an
angle and lying in pilés along planes in the grains (Plate VIIE). This is
clearly shown by the fact that the particles on any one plane throw shadows
a1l in one direction, which differs, however, from one plane to another *
(Plate VIIF). DMany boundaries werc found to consist of similar particles
closely packed which had even in some places, merged; others, however,
remaincd clcar and frec from precipitate.

Effect of the Prccipitate on lMechanical Properties

Only a very small quantity of material being available, mechanical
tests were of necessity very limited in nuwaber, but the results give some
indication of the efrfcct of the precipitation, particularly on elongation.
The materials ehosen were Kroll moltcd and arc melted 1,5 aluminium alloys,
and they werce testod in two conditions, (i) after anncaling for 1 hour at
1000°C, in vacuo and cooling slowly in the furnace, and (ii) after trcate
ment (i) followed by holding for 5 hours at 600°C. in argon and quenching
in water; the latter trcatucnt was known to produce Vvery heavy precipitation
in Kroll-meltcd matcrial. The Hounsficld tcnsomcter tensile test was used,
the specilmcns being 4 in, in width over a 1 in. gauge length. The Kroll
mclted material was 0,060 in. thick and the arc~mclted material 0,030 in,
thick., The results arc given in Tablc II below.

TABLE IT

llechanical Propertics of Titanium Containing 1% Aluminium

lelting — U, T, S. Elonga= | Redn.
Method peniiion tons/sq. in. | tion Arca

% 7

Kroll Ann, 1000°C, 58,9 18 38
(mean of 3)

Ann,1000 C, 53¢5 <1 3¢5
+ 5 hr, 600°C, (1 only)
water quench

Ann, 1000°C, 2le5
(mcan of 2)
Ann, 1000°C. 2.3
+ 5 hr. 600°C. | (mcan of 3)
water quench

It can bc scen that, whercas the strength and hardness of both materials
were not uch affected by the low temperature heat-treatment, the elongation
of the Kroll melted alloy was drastically reduccd, This effect was reproduced
but to & much lesser extent, in the arc mclted alloy. L

The Identity of the Prccipitated Phasc

Only onc cxpcrimental method has becen used in attempts to identify the
precipitates

The method used was to over-ctch grossly, so that precipitated phases
stood proud of the matrix, and examine the surfacc by electron diffraction,
A sample of the Kroll-melted 3% aluminium alloy; which contained a heavy
precipitate, was cxamincd in this waye. A complctc pattern of titanium carbide
was obtaincd and titanium lines were absent, indicating that the technique
had been succcssful, but giving no information about the precipitate, as
larpe particles of carbide arc prescnt in all Kroll=melted alloys. A similar
technique applicd to arc-moltcd materials gave only a titanium pattern.
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The main differences in composition between arc-melted alloys and
Kroll-melted alloys made from the same supplies of metal.is in carbon
contents There may also be differences in oxygen, nitrogen or hydrogen
content, or in more than one of these, resulting from the different melting
teehniques in the two furnaces. The precipitate, therefore, may contain
aluminium and one or more of these elements; altcrnatively, it necd not
necessarily contain any of them, but may be thrown down as the result of
changes in the oxygen, nitrogen or hydrogen contents brought about by heat-
treatment.,

Hydrogen secms unlikely to be a constituent of the compound, as the
samples containing the precipitate had all becn annealed at 1000°C, in
vacuo before the heat-treatments at lower tempcraturcs (in purificd argon)
which caused the precipitations It is known that all hydrogea is rcadily
removed from titanium by vacuum heat-trcatment at tempecraturcs above
850°c (13)

Diffusion of oxygen and nitrogen into titanium is extremely slow, and
composition differences in the main body of the material are unlikely to
result from the short heat-trcatments given.

There remains carbon. In view of the appearance of the precipitate
in quantity resulting from the deliberate addition of carbon to arc-melted
materials, which otherwise showed only traces of it, it becomes almost
certain that carbon causes the precipitation; it does not necessarily
follow that carbon is a constituent of the precipitate, which remains
unidentified, :

Changes in Transformed Structures Occurring on Heating Below the
Transformation Point.

In pure titanium, the alpha formed from beta when the metal passes
through the transformation point differs only in structure from the beta,
In the alloys, while the average composition remains unchanged, the first
alpha to separate will have a different composition from the matrix beta,
according to the usual rules, as well as a differcnt structurc, On
subscquent annealing, therefore,. diffusion may be expected to take place,
with corresponding effect upon the microstructurc, - In worked material,
recrystallisation may also occur., In connection with the impact tensile
tests described in the main report, it became of interest to know whether
structural changes were occurring in the alloys during hcating in the
furnace before breaking, A series of heat-trcatnents werc thercfore given
to the binary alloys containing 5, 8 and 10% aluminium, and the effect on
the microstructurc was studied,

The rolled plates, F in. thick, all had a transformed structure .
similar to that shown in Plate IIIA, indicating that cooling had been
rapid across the alpha/alpha+beta transus temperature, After 5-10
minutes in the furnace before breaking and quenching at temperatures
between 600°C, and the transformation point, these structures were found
to persist; specimens broken and quenched above this' temperature showed a
transforned structure of more clearly defined platclets, Plate IIIB.
Recrystallisation had not occurred in any specimen, although the final
pass in rolling had producecd 16% rcduction in thickncss and no subsequent
anncal had been given,

The heat-treatments, which were carried out in air, showed that at
all compositions the structure of the rolled material persisted for at
least 16 hours at 600°C. The 5/ aluniniun alloy recrystallised conpletely
after 2 hours at 900°C,, five minutcs at this temperaturc producing no
effect and 15 minutes causing the onsct of rcerystallisation in sone
parts of the specimen, Even after rccrystallisation, the original . trans-
formed structure of the rolled material could still be scen faintly in the
background of the equiaxial grains, which were very twch smaller than the
grains of the rolled material (Plate IIIC). The specimens broken at
1000°C, had been in the alphasbeta region and had a typical transformed
structure, The alloy containing 87 of aluainiun showed similar charac—
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teristics, recrystallisation beginning after 15 minutes at 9OOOC. but only
being complete after 2 hours at 1000°C., the original transformed structure
was again visible in the background, The specimen quenched from 1400°¢.
had been in the alpha=beta range,

The alloy containing 10/ of aluminium had a rather different structure
after rolling, The gencral appearance was of a transformed alloy, but each
platelet was heavily veined with dark lines (Plate IIID). On heating for
periods of up to 2 hours at 1000°¢, or for longer times at lower temperatures,
the veining faded slowly until an almost clear dendritic structure was
obtained (Plate IIIE). After 10 minutes at 1100°C, the alloy had ,
recrystallised to very large cquiaxed grains, but had also been in the alpha+
beta range and the grains consisted of thick boundary layers of transformed
metorial surrounding clear alpha arcas (Plate IIIF).

Tt is clear from the foregoing that changes in the structures of thesc
alloys do take place on annealing. If the original transformed structure
represents concentration gradients thcese are only very slowly dispersed on
anncaling, Recrystallisation docs occur, but, with the degree of residual
work present in these specimens, temperatures of about 100°C, below the
alpha/alphat+beta transus line are necessary before it can be initiated.
Further evidence that recrystallisation is slow in starting and requires
considerable heat ceven after hcavy working was provided when 5% and 104
aluginium alloys, some of which had been cold-worked as much as 37%, were
anncaled to facilitate further rolling., Even with this high degree of cold
work, o minimum temperaturc of 850°C, was found nccessary to initiate
recrystallisation.

SULMARY

Binary alloys of titanium with aluminium and ternary alloys of these
two elements with many others have been examined in various conditions. A
great varicty of structurcs has been found, all of which are consistent with
the view that 54 of aluminium added to titanium does not materially alter
the alloy systcis formed between titanium and the third clement. Ageing
characteristics could not be dircetly linked with changes in microstructurc.

An unidentificd minor constituent has been obscrved in titaniun/
aluminium/carbon alloys in certain conditions and its presence has been
found to embrittlc thc alloys.

The cffect of hcat=treatment on transfomed structures, produced by
rapid cooling of wrought binary titanium/aluminium alloys, has been studicd,
It has been found that such structurcs can persist even after rcerystallisa-
tion has occurred,

Platcs I = VII and Figurcs 1=6 werc provided by the British Non-Ferrous
Metals Research Association.
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PLATE 1

TYPES OF STRUCTURE FOUND IN TITANIUM ALLOYS

A.—q. Formed on rapid cooling from B.—u. Formed on slow cooling from
the g field. x 200 the 5 field. % 65

Tl

F) \\'

5 Z&é_ \) “Jb}
3 %a

C.—a. Recrystallised in the ¢ region. D.—« and acicular . Quenched from
x 400 the ¢ + f field but  not retained.
x 200

B.N.F.M.R.A
R93




PLATE 11
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PLATE 11l

CHANGES IN TRANSFERRED STRUCTURES ON ANNEALING

A—Ti—5% Al a—Transformed structure pro- __Ti—59, o i
duced by quench after last pass through rolls. E}okz:l aSt i 00/?)16 C (;ndlrrcllﬂz;:‘t(:hetsnsﬂe Sp"c:(n;f)[‘)
x 100 ’ ' '

C.—Ti—89% Al. a—Rolled plate. Two hours at D.—Ti—109, Al. a—Rolled plate. Two hours at
1,000° C. and quenched. x 100 900° C. and quenched. x 400

E—Ti—10% Al. g—Rolled plate. Two hours F.—Ti—109% Al ¢ and acicular g—Impact ten-

at 1,000° C. and quenched. x 100 sile specimen broken at 1,100° C. and quenched.
B present at test temperature but not retained.

x 100
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PLATE 1V

/
“‘S “‘

A—Ti—59% Al—129% . P B—Ti—5% Al—12% Cr. « in B
rolled, matrix. Annealed 1,000° C. x 200

C—Ti—5% Al—5% Mo. § D—Ti—5% Al—5% Mo. o + B—
As rolled, 4 Annealed 1,000° C. x 400




A—Ti—5% Al—8.7% V. o +

As rolled.

B_
% 400

B—Ti—5% Al—8.7% V. a + p—
Annealed 1,000° C, x 200

C—Ti—5% Al—5% Cr.

As rolled.

Mainly «.

x 600

D—Ti—5%
at 500° C.

Al—5% Cr. Water
quenched 1,000° C. and aged 61 days

x 400

PLATE V

B.N.F.M.R.A
R93




PLATE VI

S

Vol 2

L7
s

A—Ti—10% Al. Surface of ingot. B.—Ti—59% Al—0.5% B. Quenched
Thermal etch. %55 from 1,000° C. x 200




N PLATE VII

EMBRITTLING CONSTITUENT IN Ti Al-C ALLOYS

A—Ti—10% Al Random distribution of pre- B —Ti—49 Al Geometric distribution of precipi-

cipitate after heat treatment at 600° C. x 600 tate after heat treatment at 800° IC. % 600

C.—Ti—49 Al Appearance of precipitate after D.—As (O).
heat treatment at 700° C. % 600

Ti—39% Al. Electron micrograph of precipi- F.—As (E). Showing shadows thrown in different

E.
tate produced by heat treatment at 800° C. x 6000 directions. x 8500

B.N.F.M.R.A
R93




"S3UNIVE3dNIL
SNOIMVA IV SAOTIV _ AWNINIANIV-WNINVLIL J4O SDILSI¥3LOVAVHD ONITod k- O
WNININNTY %

9l v1 2l Ol 8 9 v [4
)

T 1 1 ] ] 1 |
-~ 400,
- @ @@ o8
@ @ 0@ ®
= . -« »3137%n0d @ \v/ 006
. . «~ 1Mo @ B @ © X
- 109NI 40 ONBIOVED ON (@ X X X x 4oool
31IHdVYEdS NI Q313N d3173N DYv
¥ @ X X <400lI
X
X
2 v % Joozi
X
v
- s ookl
L ]
% Hoov!
X
¥ v
1 ! ) ) 1 1 ] 1 1 1 1 1 1 1 ] 1 ) 1 ] 1 oom_

Do IUNLVHIANIL ONITTIOY



TEMPERATURE °C.

975 °c -
950 °c-

|
|
|
|
m

Ti 5%Al.

%
% ADDITION ELEMENT.

FIG.2. PSEUDO _BINARY EQUILIBRIUM DIAGRAM OF

TITANIUM

5% ALUMINIUM _ WITH ANOTHER

ELEMENT M.
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